Hanson, Robinson and Comstock, 1956) . These estimates were then used to identify those environmental factors which interacted most strongly with genotypes, so that subsequent experiments could be modified accordingly. However, this approach necessarily demands a large number of replicates within each environment in order to obtain accurate estimates of the environmental means. Consequently, the amount of progress attainable solely by this approach is limited chiefly by practical considerations. Thus, far from solving the problems posed by such interactions, this approach has instead created an impasse.
Recently, interest has centred upon regression techniques as an alternative method of analysing genotype-environment interactions. Suggested originally by Yates and Cochran in 1938 , these techniques have been employed and modified by numerous workers using a wide range of plant material (see Finlay and Wilkinson, 1963; Eberhart and Russell, 1966; Bucio Alanis, 1966; Bucio Alanis and Hill, 1966; Perkins and Jinks, 1 968a, b; Breese, 1969; Samuel, Hill, Breese and Davies, 1970) . In contrast to the analysis of variance this approach attaches greater importance to a wide coverage of the environmental range even though this may entail the loss of some information on replicate errors within each environment.
The present article describes an experiment wherein these regression techniques have been employed in the analysis of a diallel cross between some of the mother plants upon which the S.24 cultivar of perennial ryegrass (Lolium perenne) was founded, the object being not merely to measure but also to determine the inheritance of environmental response in this material.
It should be pointed out that, although exotic (New Zealand) genotypes constituted half the sample of parents ultimately used in this experiment, S. 24 is in fact based largely upon indigenous material (see Jenkin, 1943, for details). 
THE EXPERIMENT
Initially 10 genotypes were intercrossed in all combinations, but insufficient seed was obtained from some of the crosses to enable the experiment to be carried out as originally intended. Consequently the experiment had to be reduced in size to a 6 x 6 diallel cross without selfs. Of these six parents, half were of New Zealand origin whilst the remaining three were derived from indigenous material. The 30 families resulting from this diallel cross may be classified, therefore, into three groups: first, a group of six families whose parents originated from New Zealand; second, a further group of six families both of whose parents were of indigenous origin, and third, a group of 18 families of mixed descent.
This material was sown in pots containing a standard compost mixture. Normally two seeds were sown per pot, although these were later thinned to leave the plant nearest the centre of each pot. At this stage the material Mean annual yields of all 30 families are presented in table 2, whilst an analysis of the full results, given in table 3, indicates that the families differ significantly amongst themselves for this character. Furthermore, it would appear that these differences can be related partly to the geographic origin of the parents, since the indigenous parents give rise to families which outyield the New Zealand material, whilst families of mixed descent are on average slightly above the midparent value in terms of annual production. Further points also emerge from this analysis, particularly the pronounced effect of Throughout all tables f P = 0-10-0-05; * P 005-0-01; ** P 0-01-0-001; *** P = <0-001.
Items (i and ii) have been tested against item (iii) Items (iii, vii and viii) have been tested against item (ix) Item (via) has been tested against item (vib) Item (vib) has been tested against item (viii) Items (v and x) have been tested against item (xi) Item (iv) has been tested against item (v) Items (ix and xi) have been tested against item (xii) nitrogen upon yield. But in the present context the most important feature is undoubtedly the inconsistent behaviour of the families across the range of environments encompassed by this experiment, as shown by the significant interactions between families and nitrogen levels on the one hand and families and cuts within seasons on the other. In order to examine these interactions in greater detail recourse has been made, therefore, to the regression techniques referred to earlier.
Since it is apparent from table 3 that considerable differences exist between the 28 cuts obtained over seasons and nitrogen levels, each cut has been regarded as a distinct environment for the purposes of this analysis. From the regression analysis, also presented in table 3, it is evident that a highly significant proportion of the families x environments interaction can be ascribed to heterogeneity between the linear regression slopes of the 30 families. Furthermore, the residual item, which measures the deviations of each family about its own regression line pooled over all families, is not significant when tested against the experimental error. It should be pointed out here that in order to obtain an estimate of error appropriate for testing differences between family means the variation between plants accumulated over families and environments has been divided by the harmonic mean of the number of plants surviving within each family in all 28 environments. Because of the heterozygous nature of the material such an error will of course contain both genetic sampling and environmental components of variation. This estimate of error is not entirely satisfactory, however, since the variances within the high nitrogen treatment are larger than those within the low nitrogen treatment. Even so, the correlation between mean yield and variance is by no means absolute so that a transformation of the data was not thought necessary. Thus at this juncture there is no reason for supposing that the response of these families over the complete range of environments which they experience in this experiment is anything but linear.
At this stage it is necessary to consider further the form of analysis presented in table 3. Freeman and Perkins (1971) criticise on statistical grounds the use of the mean of all varieties as an estimate of the environment, and advocate the use of independent assessment of each environment by the use of controls. These might be standard varieties or extra replicates of the material under study. For reasons already advanced, replicates in the strict statistical sense were not employed here, nor may any of the six genotypes included in this experiment be regarded as a control. It is, therefore, not possible to adopt the qualifications proposed by these authors in this experiment. The absence of such independent assessment may lead to some imprecision in attaching errors to the response regressions and biases in the regression coefficients themselves, but the effect of these is unlikely to be serious in a large experiment involving many genotypes.
(b) Correlation between mean and regression slope Inspection of tables 2 and 4 discloses a striking similarity in the ranking of arrays for both mean and response which is indicative of a positive correlation between these two phenotypic components. This is amply confirmed at the family level where there is an overall correlation of 0.876***. The presence of such a high correlation signifies that the genotype-environment interactions in this material are of the non-crossover type, whilst a positive correlation implies that family differences will increase as the environment improves. Of the six parental genotypes represented here 2, 4 and 5 would, by virtue of their greater sensitivity to environmental change, appear to be adapted to more favourable environments, whereas the remaining genotypes are suited to less favourable conditions. Finlay and Wilkinson (bc. cit.) have likewise employed these parameters to characterise the type of environment to which a particular genotype is adapted. However, they have also used the regression coefficient as a definition of phenotypic stability. In the present context this is perhaps misleading since stability should be more properly reserved to measure the deviations of a genotype about its own regression line as described by Eberhart and Russell (bc. cit.), Hill and Perkins (1969) and Breese (bc. cit.). For predictive purposes as well this latter definition would be more meaningful, since a stable genotype is necessarily one whose performance can be predicted accurately.
(c) Genetic analysis (i) Seasonal yield Because of the mating design adopted here these data are amenable to the genetic analysis of reciprocal sums and differences proposed by Yates (1947) . Basically the total variation amongst families may be partitioned into four items: firstly, variation between parents summed over male and female arrays; secondly, variation between reciprocal sums which remains after allowing for the average effects of parents; thirdly, variation attributable to differences between male and female arrays, and fourthly, variation amongst reciprocal crosses not ascribable to differences between male and female parents.
Applying this analysis to the yield data (table 5) establishes that this character is controlled in the main by additive genetic differences between parents, although it is equally apparent that these differences are themselves mediated by environmental factors. There is, however, a suggestion of dominance amongst the genes controlling this character since overall remainder (a) is approaching significance at the 5 per cent, level of probability when compared to remainder (b), thus indicating that reciprocal crosses are more alike than crosses which involve different parents. Since it has already been demonstrated that the average yield of families derived from crosses between New Zealand and indigenous material exceeds the midparent value, it may be concluded that such dominance as occurs amongst this material is acting in the direction of increased yield. Finally, it is apparent from the analysis that maternal and paternal effects are of no consequence in the inheritance of this character. of change throughout the entire range of environments covered by this experiment. However, this conclusion may not be strictly correct, as evidence presented elsewhere indicates that the error item used for testing departures from linearity has been obtained by pooling heterogeneous variances. Consequently, in order to investigate the constancy of these linear regressions, each of the four treatment combinations of years and nitrogen levels, which individually occupy different parts of the environmental spectrum, has been analysed separately (tables 6a and b). It will now be seen that the regression slopes change between these four environmental combinations, as evidenced by the significance of the heterogeneity item of table 6a, which in turn reflects the considerable narrowing of the response range manifested under the more limiting conditions of low nitrogen (table 6b) . Such alterations could denote either an absolute change in response from one treatment to another, or they could represent a degree of curvilinearity. Unfortunately, the results obtained in this experiment do not permit us to discriminate between these two hypotheses. Nevertheless, it should be pointed out that, when the complete range of environments are being considered, the overall regression lines retain considerable predictive value since the heterogeneity mean square is highly significant when tested against the residual mean square (Perkins and Jinks, l968a; Samuel et al., bc. cit.) . However, because of the apparent change in slope between the two nitrogen regimes, it was decided to carry out the genetic analysis on the response regressions calculated separately for each treatment.
In view of the high correlation between mean and response it is not surprising that the results of this analysis shown in table 7 indicate that the pattern of inheritance for response closely parallels the one previously described for yield, being controlled by genes whose effects are largely additive in action. There is little evidence for either dominance or epistasis, By analysing the data in this way it has been possible to divorce the response patterns of these families to regular cutting treatments from their response to other environmental factors. Since the responses change significantly between both years and nitrogen levels, it may be concluded that the environmental treatments imposed in this experiment affect the families differently. This is in contrast to the results obtained by Breese (bc. cit.) who discovered that the overall response of certain populations of cocksfoot (Dactylis gbomerata) was the same for all factors considered (e.g. cutting treatments, locations and years).
So far only mean and response of the four phenotypic components of yield have been examined in any detail. In order to complete this picture, however, it is necessary to investigate the two remaining components, namely stability and within environmental variance. Initially these two characters were analysed at the family level by the genetic analysis presented earlier (Yates, bc. cit.) . No clear-cut pattern of inheritance emerges for these characters, whilst overall they are correlated neither with each other nor with the mean and regression coefficient. However, this is by no means the whole story, because if the geographic origins of the material are taken into account, certain interesting features come to light. Considering stability first, it is evident from table 8 that the New Zealand group is more stable than the indigenous material, whilst crosses between them prove to be the most stable of all. A Bartlett's test for homogeneity of variances reveals that these group differences are highly significant.
But the results within each group are even more illuminating because all the families within the two parental groups are either uniformly stable (New Zealand) or unstable (indigenous), whereas families within the hybrid group display a much wider range of variability as evidenced by its higher 2 value. Clearly these results illustrate two different facets of this character, namely stability per se and its variability, which in this material at least are inversely related.
Turning to the within environmental variance, a somewhat analogous situation arises here, with New Zealand material exhibiting a lower variance than the indigenous material, though the hybrid group now occupies an intermediate position. Again a Barlett's test discloses highly significant between group differences, but similar differences also occur within all three groups. Even so, it is clear that the hybrid group is considerably more heterogeneous than either of the two parental groups. Thus, although the original analysis failed to detect any genetic control for either of these characters, nevertheless a regrouping of the families revealed genetically based differences which can be related to the geographic origin of the parents.
Discussion
In discussing these results it is important to bear in mind the structure of this experiment. Yield data were obtained from material which was harvested at regular intervals over a period of two years and grown under two contrasting nitrogen regimes. From the original analysis it appeared that all the genotype-environment interactions present in this material could be satisfactorily explained in terms of differences between linear response regressions which covered the entire range of environments encountered in this experiment. However, when the environmental spectrum was subdivided into its component parts it became evident that small but significant changes in slope occurred from year to year and between the two nitrogen levels. Such changes could indicate curvature of the response lines, as discussed by Samuel et al. (bc. cit.) or, alternatively, it could be that factors such as light and temperature, which affect response within years, are operating at an entirely different level from those affecting response across nitrogen levels or from one year to the next. As mentioned earlier, this is in contrast to the results obtained by Breese (bc. cit.) and it is pertinent, therefore, to examine these findings in relation to the selective history of the parental genotypes of S. 24.
During the development of this cultivar, emphasis was placed primarily upon yield at the conservation stage, although due consideration was of course given to production at other times of the year. Thus the aim was to combine high annual yield with a particular pattern of growth within a year. The presence of a high correlation between mean and resposne indicates that selection has for the most part been successful. But more than this it appears to have bestowed upon this cultivar the ability to adapt itself not only to such general environmental factors as soil nitrogen but also to the more specific conditions which prevail within a year. From the present results it would be difficult to study the physiology of S2 these differential responses in any detail. Nevertheless it would be of interest to investigate more fully the evidence for both general and specific response patterns to a number of environmental agencies. When such patterns are more clearly established it may then be possible to inquire into the significance of these phenomena.
In view of the high correlation between mean and response in this material, it was anticipated that their genetic control would be identical. This in fact proved to be so, with both characters being mediated by genes whose effects were largely additive. Again this contrasts with the results of Breese (bc. cit.), where there was neither a correlation between mean and response nor any similarity in their genetic control. The existence of such a high correlation in this cultivar has important connotations for its future development because it signifies that further increases in yield can be attained by selecting for an increased expression of either of these two phenotypic components. Similar correlations have also been discovered for both flowering time (Hill and Perkins, bc. cit.) and final height (Perkins and Jinks, l968a) in J/icotiana rustica, although for the latter there is evidence to suggest that the correlation can be broken.
These results add to the growing body of evidence which indicates that genotype-environment interactions can be related to the environment in a simple, linear fashion, thereby lending a measure of predictability to a previously unpredictable situation. In herbage breeding, where an already difficult position is aggravated by the knowledge that a grass or legume cultivar will experience marked environmental changes during its productive life, such relationships could be of paramount importance. Thus the detection of similar relationships amongst highly selected material in this experiment coupled with the findings of Samuel et al. (bc. cit.) and Breese (bc. cit.) provide a powerful demonstration of the role which this analytical approach could play in practical breeding and selection programmes. Certainly further research is needed before the true value of these regressional techniques can be appraised, but their future impact upon plant breeding in general, and herbage breeding in particular, is likely to be very considerable. 2. This analytical approach has been applied to a diallel cross without selfs between six of the genotypes which comprise the basic plant material of the S. 24 cultivar of perennial ryegrass (Lolium peTenne).
3. An analysis of forage yield over a range of environments provided by successive cuts in two years at high and low levels of applied nitrogen discloses highly significant differences between families, whilst of the environmental treatments the effect of nitrogen is the most pronounced. Analysis also reveals that the families interact with the various environmental factors. 4. A highly significant proportion of these interactions can be attributed to differences between the linear response of the families to the range of environments encountered here. Moreover at this stage no significant departures from linearity could be detected amongst these responses.
5. Annual yield and linear response are positively correlated. Not surprisingly, therefore, the inheritance of these characters proves to be similar, being controlled chiefly by additive differences between parents, although environmental factors, especially level of nitrogen, figure prominently in the expression of both yield and response.
6. The fact that the overall analysis discloses no significant departures from linearity in the response of this material, even though it was shown subsequently that the expression of this character depended upon the environment, emphasises the need for caution when applying these techniques to experimental data.
7. A genetic analysis of the remaining two phenotypic components, stability and within environmental variance, reveals no clear-cut pattern of inheritance at the family level. However, when this material is grouped according to its geographic origin, then families derived from parents of New Zealand origin have on average a lower expression than families from indigenous parents for these characters, whilst, except for stability, families of mixed ancestry are intermediate.
8. These results are discussed specifically in relation to the past selection history of S. 24, although some of the more general implications of these results are briefly outlined.
